We investigated whether exposure to indoor y-radiation and radon might be associated with enough free radical formation to increase urinary concentrations of 8-hydoxydeoxyguanosine (8-0HdG), a sensitive marker of DNA damage, due to a hydyl radical attack at the C8 of guanine. Indoor radon and rradiaion levels were measured in 32 dwellings for 6 months by solid-state nudear trck detectors and thermoluminescent dosimeters, respectively. Urine samples for 8-OHdG determinations were obtained from 63 healthy adult subjects living in the measurd dwelings. An overall tendency toward increasing lev of 8-OHdG with increasing levels of radon andy-radiation was seen in the females, presumably due to th esti ed longer occupancy in the dwellings measured. Diffrent models were considered for females, with the steepest slopes obtained for y-radiation with a coefficient of 0.500 (log amolIl of 8-OHdG for each unit increase of y-radiation on a log scale) (pc0.01), and increasing to 0.632 (p -0.035), but with lurger variance, when radon was included in the mode. In conclusion, there seems to be an effiet of indoor radioactivity on the urinary excretion of 8-OHdG for fimales, who are estimated to have a higher occupancy in the dwellings measured than for males, for whom occupational and othr agen y also influence 8-OHdG cretion. Key nwi free radicals, -radiation, fradon. Environ
We investigated whether exposure to indoor y-radiation and radon might be associated with enough free radical formation to increase urinary concentrations of 8-hydoxydeoxyguanosine ), a sensitive marker of DNA damage, due to a hydyl radical attack at the C8 of guanine. Indoor radon and rradiaion levels were measured in 32 dwellings for 6 months by solid-state nudear trck detectors and thermoluminescent dosimeters, respectively. Urine samples for 8-OHdG determinations were obtained from 63 healthy adult subjects living in the measurd dwelings. An overall tendency toward increasing lev of 8-OHdG with increasing levels of radon andy-radiation was seen in the females, presumably due to th esti ed longer occupancy in the dwellings measured. Diffrent models were considered for females, with the steepest slopes obtained for y-radiation with a coefficient of 0.500 (log amolIl of 8-OHdG for each unit increase of y-radiation on a log scale) (pc0.01), and increasing to 0.632 (p -0.035), but with lurger variance, when radon was included in the mode. In conclusion, there seems to be an effiet of indoor radioactivity on the urinary excretion of 8-OHdG for fimales, who are estimated to have a higher occupancy in the dwellings measured than for males, for whom occupational and othr agen y also influence 8 (6) . The principal adverse effect arising from the inhalation of radon is lung cancer (7) , but there are also possibly increased occurrences of other cancers in relation to elevated levels of radon (8) . Health effects of radon seem to include chromosomal aberrations and mutations in lymphocytes (6, 9) , chromosomal instability in bone marrow cells (10) , and free-radical formation (7) .
The modified base 8-hydroxydeoxyguanosine , an oxidative adduct form of deoxyguanosine, is considered a sensitive marker of the DNA damage due to a hydroxyl radical attack at the C8 of guanine (11) . Such damage is usually successfully repaired by competent cells, but if unrepaired, the presence of 8-OHdG in DNA templates may cause the miscoded incorporation of nucleotides in the replicated strand (12) , which may contribute to the development of cancer. Automated analytical methods have been developed to measure 8-OHdG in human cells (13) or urine (14 (15) .
Several circumstances may affect 8-OHdG excretion, however. Thus, daily total intake of vitamin C has been significantly correlated with lower levels of 8- OHdG in urine (15) . Some small-scale studies have indicated that 8-OHdG urinary levels may increase with physical exercise (16) and also among people with alcohol sensitivity (17), those with diabetes (18) , and because of chemotherapy (19) (20) , as well as from occupational exposure to carcinogens (21, 22) . Here we report the results of a study undertaken to investigate whether exposure to indoor y-radiation and radon in dwellings might be associated with increased urinary concentrations of 8-OHdG.
Materials and Methods
The study was conducted in the Viterbo province (central Italy), where the soil has the potential for greater radiation emission than that in nearby areas (23) . Furthermore, a building material created from local volcanic rocks (tuf) is widely used and also emits radon and thoron (24) .
Exposure assessment. Radon and y-radiation levels were measured over a period of 6 months, starting between November 1993 and March 1994 (23) . In each dwelling two detectors for radon and two for y-radiation were placed in the main bedroom of the home. Radon was measured by solid-state nuclear track detectors (LR-1 15, Kodak Dosira, Lognes, France) and y-radiation was measured using thermoluminescent dosimeters (GR200A, DML, Beijing, China). Results were expressed as the mean value of the readings of the two detectors for radon and the two for y-radiation, respectively.
Study population. We enrolled 63 healthy subjects who agreed to provide a urine sample. These subjects represented 32 dwellings. Information about their characteristics in terms of sex, age, smoking habits, and occupation was collected through questionnaires. Each subject was dassified according to the degree of urbanization of the area of residence, and all 32 homes were dassified according to the year of construction and the main building material. Finally, each subject was classified on the basis of his or her occupation as having mainly indoor or outdoor daytime activity.
Urine colection, sample preparation, and chemical determination. After informed consent, a sample of at least 20 ml of untimed early morning urine was collected for each participant. All 'Relation between the concentration of urinary 8-OHdG (nmol/l, log transform) and home levels of radon or r-radiation (log), adjusted for age and smoking habit of the female subjects, according to their predominant daytime activity (indoors or outdoors). "Two subjects who could not be classified according to this variable were not considered in this analysis.
(r = 0.405; p = 0.01) and the log concentrations of urinary 8-OHdG in females.
In the GEE multiple linear regression analysis relating the concentration of urinary 8-OHdG to radon (Table 2) while controlling for a priori relevant variables (age group and smoking habits), we estimated an increase of 0.162 log nmol/lof 8- OHdG for each unit increase of radon on a log scale (p = 0.12). A separate model, where y-radiation was included instead of radon, showed a steeper slope (,B = 0.500) and a higher statistical significance for yradiation (p = 0.006) as compared to radon. In a model containing both radon and yradiation, there was no effect from radon, whereas y-radiation reached statistical significance (p = 0.035) with a slight increase in its estimated coefficient (j3 = 0.632) and a larger standard error (0.300) due to collinearity problems. When data were analyzed separately for women according to their predominant daytime activity (outdoors or indoors) (Table 2 ), a statistically significant effect was observed for y-radiation (both in the models with and without radon) only among women who spent most of their daytime indoors. Discussion This study showed an association between both indoor radon and y-radiation levels with concentrations of urinary 8-OHdG among females. The multivariate analysis indicated that the role of y-radiation was predominant as compared to that of radon.
Volume 107, Number 3, March 1999 Environmental Health Perspectives Articles * Indoor -radiation, radon, and oxidative DNA damage Males had consistendy higher concentrations of 8-OHdG, as compared to females, for all levels of all variables of interest. This would confirm previous observations that urinary excretion of 8-OHdG is influenced by constitutional factors, such as sex and body mass index, in addition to environmental exposures such as smoking and chemo-or radiotherapy (13, 19, 20, 21) . Only 3 of 24 of the male subjects in the study had predominantly indoor daytime activities (i.e., were retired); therefore, it might be argued that exposures outside the home could have had the most substantial influence on the urinary concentrations of 8-OHdG. This is corroborated by the fact that only females showed differences in 8-OHdG urinary concentrations in relation to the building material of the home. Measurements of 8-OHdG among males could have been influenced by occupational exposures because chemicals such as pesticides are frequently used in the mainly rural area where the study was undertaken. Furthermore, because exposures to radon and y-radiation were not measured at workplaces, females (27 of 37) had on the whole a better assessment for the specific exposures of interest in our study. It is noteworthy that women with mainly indoor daytime activity had much steeper slopes both for radon and y-radiation than women with mainly outdoor daytime activity (Table 2 ).
In our study population, cigarette smoking did not appear to affect urinary 8-OHdG levels among males or females; this is in accordance with occupational studies (21, 22) , but in contrast with another study on healthy people (30) .
This study has many limitations due to its small size and lack of dietary assessment, body mass index, and a detailed time-activity pattern. Furthermore, the correlation between the higher levels of 8-OHdG and indoor radiation levels appears to depend on the highest exposure levels. However, our observations suggest an effect of indoor radioactivity on the urinary excretion of 8- OHdG in the population subgroup for which the exposure assessment is most appropriate (i.e., for females-in particular for those with at-home daily activities). Our analysis indicates that this effect might be due to 'y-radiation and not to radon; the effect of radon disappears when it is included in a model simultaneously with y-radiation. These findings are in agreement with experimental evidence of oxidative mutagens produced by radiation (4) . A reason for the stronger effect of y-radiation could be that there is a whole-body exposure to y-radiation, whereas the radon progeny exerts a localized irradiation of the bronchii only. It is possible that the highly energetic alpha-particles emitted in the decay of radon and its progeny would cause more severe and destructive damage to DNA than the less energetic y-radiation. Hence, the free radicals involved in the 8-OHdG formation may reflect exposure to the latter type of radiation.
Further studies are warranted to confirm or refute our results, possibly by measuring 8-OHdG in lymphocyte DNA to further evaluate whether the steady-state level of DNA damage is elevated as a result ofy-radiation or radon exposure. Future studies might be based on better exposure assessment, possibly including (when applicable) measurements of radon and y-radiation at the workplace, as well as measurement of other factors such as diet and various occupational exposures as potentially affecting urinary excretion of 8-OHdG. Although chance phenomena can never be excluded, it is unlikely that factors of this kind could have had any greater influence by confounding the results of this study. Such factors are unlikely to have been associated with measured exposure to indoor radioactivity, which is a necessary requirement for the exertion of any confounding effect. However, some occupational exposures among the males may have caused a blurring effect by increasing the background levels of 8-OHdG so as to make the effect of indoor radiation invisible among subjects who spent only limited time in the measured dwellings.
